In this paper, the hall sensor's location for the optimal operating range of a bipolar brushless direct current motor (BLDCM) have been investigated experimentally. It is quite a difficult task to determine the exact and accurate rotor position to locate the hall sensor in a way that will have the most efficient impact on the operation parameters of a motor. In addition to theoretical work, experimental studies are required to operate a motor in steady state conditions. Therefore, special attention is being paid while measuring harmonic, torque, and speed values depending on the hall sensor's position. Experimental results of BLDCM are discussed and comparative analysis is performed. The results of this study are supported by theoretical information as well.
INTRODUCTION
BLDCM, being used widely today at small powers, is also being used efficiently at medium and high powers due to developing technology. It is a type of electric motor that dramatically gains popularity due to its good performance and development of semiconductor and microprocessing controls. Its use of area is very wide; it is being used in a wide range from small printers to medical devices and from electrical vehicle systems to small powered energy systems. In the most recent ten years, it has been possible to encounter many theoretical and experimental studies in literature regarding to BLDCM ( Pragasen et al.,1991; Leonard , 2005; Viramontes, 2010; Bektas et al., 2011; Bektas et al.,2010; Boldea et al.,2014) . Most of these studies have been shared regarding the driver circuit (control unit) of BLDCM, and the remaining ones have been shared on the subject of how the sensor materials and rotor permanent magnets may be used more efficiently. Before this paper, the author had studied and analyzed the drive circuit and motor parameters. The content of the following article is the continuation of the study published earlier (Bektas et al., 2011) . BLDCM is a motor operating as the result of interaction of rotor part-where the magnetic field occurs-and the rotating magnetic field induced in stator coils. Thus, the position angle of the rotor's magnetic axis as per the stator's magnetic axis and the correct detection of that angle are very important with respect to efficient and long-term operation of the motor (see Figure 2 -3) (Boldea et al., 2010) . In this study, the complete connection scheme of the tested BLDCM had been provided by controllable dc source. Operations and investigations had been realized for the determination of the locations of hall sensors within the motor in a manner that will effectively and correctly affect the operation of engine. Hall sensors are tools which perform the commutation, in other words, the work of rectification of current-performed mechanically in classical direct current machines-electronically (Simpkins et al., 2010; Aleinovin et al.,2008; Wang et al., 2011) . They are electronic devices replacing the position of brush in classic direct current machines. In classic direct current motors, a 90 0 angle between rotor and stator magnetic axes provides the maximum efficiency or maximum torque, setting its degree to 60 0 -120 0 at BLDCM and to 120 0 in our study. In this study, as the first measurement, the value of hall sensors positioned at 120 0 angles is taken as a reference value (0 0 ); the second measurement value (20 0    electrical degree) was called the angular shift or phase shift position of hall sensors, and both these definition were used on the graphs and text. The correct formation of commutation-in other words, accurate determination of the angle in between rotor and stator magnetic axes and the complete and correct receipt of this value from hall sensors-is very important for decreasing of harmonics, and thus for minimizing the torque ripples and obtaining and fixing speed at required values (Leonard , 2005; Viromontes 2010) . This study tried to show that the commutation operation being performed electronically may be performed more precisely by mechanical effects. The authors propose that it is possible to overcome torque rippling and harmonics effects and increase reliability by rejecting rate reduction using semi-conductive and hall sensors' (electronic commutation) optimal shifting, like to decrease the effect of commutation and armature reaction in conventional DC motors. As seen in Fig.2 , a controller connected to the multiple stator coils detects the rotor position in order to define which coil must be energized. Generally, external position sensors (Hall Effect sensors), a converter, a coder, or a decoder is used in detection ([Graham et al.,1985) . One of the simplest methods used for the control of BLDCM motors is -trapezoidal‖ commutation as seen in this study (for more details, refer to reference 11). In this commutation method, the current flowing from a double motor terminal, in other words, from two coil groups at the same time, is controlled as seen in Figure 2 . And the third terminal and third coil are not energized at that torque. The Hall sensor assembled on the motor provides a digital signal by measuring the rotor position within each sector of 120 0 . This digital signal is used under the control of motor. For any torque, the current on the energized coils has equal amplitude, and it is zero on the non-energized coil. Figure 1 . The experimental scheme of the test along with measurement and loading unit In this study, the control circuit of BLDCM is operated as bipolar, and the tests are obtained as per the results of this driver circuit. It is possible to operate the BLDCM as unipolar or unipolar and bipolar at the same time (Viromontes, 2010) , but the results of our previous study with loaded operation showed that bipolar driving operation BLDCM is more efficient compared to unipolar or bipolar-unipolar driving; therefore, a bipolar driving circuit is used here.
BASIC PRINCIPLE OF COMMUTATION AND MAGNETIC INTERACTION IN BLDCM
In this section of the study, the way in which transistors are used in this research and their significance for this study are described. If we accept that the T 1 , T 4 , and T 5 transistors are exiting from inverter circuit in Fig.2 , current will flow from the motor coils in the direction of U-V and W-V. This current creates a magnetic field on the stator coils. This process, arising at the stator coils, will act clockwise with the rotor through torque generated as the result of the interaction of the magnetic field with the magnetic field of the rotor. The task of realizing commutation with a 120 0 electrical angle by following the position of the rotor is performed by the hall sensors. One of the most simple commutation methods being used for the BLDCMs is trapezoidal commutation (Pragesen et al., 1991; Leonard, 2005) . Three hall sensors assembled on the motor measure the rotor position for each 60 0 sector and provide a digital signal. This digital signal is used in the control of the motor, in other words, in the formation of torque. In this study, commutation is realized in each 120 0 rotation in the current of the motor while the motor is rotating. But, the hall sensors are not strictly fixed on the motor, and it has the flexibility to stabilize the harmonics and rotor torque rippling by electrical angle shifting of 0 0 -20 0 (counterclockwise). After several testing, considering optimal operation 0 0 and 20 0 are determined as the most suitable hall sensor positions. This condition corresponds to the mode of adjusting armature reaction or commutation (more efficient use of motor) in small conventional brush DC motor and is called brush shifting (β). In the BLDC motor, it is possible by decreasing the harmonic effects and torque rippling by suitable hall sensor position by shifting like shifting brush in conventional brush DC motor. In this study, tests of hall sensors' positions have been changed to the opposite of the motor rotation direction in light of this theoretical information (Boldea,2010; Pragasen et al.,1991; Yedemale, 2003; Akin et al.,2013; Xie et al.,2010) .
Experimental Data for Determination of the Sensor's Position and Basic Equation Operation Parameters of BLDC Motor
In Fig.3 , basically the effect of the interaction of the hall sensors, rotor, and stator magnetic axes depending on rotor position and a mathematical process depending on θ angle are provided, taking rotor and stator pole number as 2. Other Phases are not shown on the diagram in an attempt to maintain clarity. Since the formula's properties of BLDCM are similar to the properties of any classical direct current motor, only the needed equations are given here. According to (1) electromotive force (emf) forming at BLDCM indicates that it is represented with the same phases in the classical DC motor. However in the torque value, the emf values are multiplied by 2, as it is available at 2 coil circuits each time it is energized. 
where N is the number of coils for 1 phase, l is the length of rotor (m), r is radius of rotor (m), B  is magnetic flux density, ɷ is angular speed (rad/s), I is phase current (A), L  is coil inductance for 1 phase, θ is rotor position angle (shown in Fig. 3 ),  is angular shift position of sensor, R is coil resistance for 1 phase (  ), T is torque (Nm). In equation (2), the first two terms represent the torque phases composed of replacing the sensor (rippling torque or harmonics), and the last term represents the torque phase composed of main current. It was observed that only the last term provides the torque phase when the first two terms composing the parasitic torques are equal. Finding the sensor location depending on angle ( ) enables efficient operation of machine due to rippling torques. Fig. 4(a) ,(b) and (c) show the change of rotational speed under shifted ( -amended) and un-shifted states of phase as the motors are loaded. It is being observed that the rotational speed increases at the same torque values under shifted phase state (replacement of hall sensor) for the three different voltage values applied to the motor. When phase is shifted, the speed value had increased as per the value for which speed value is not shifted; in other words, the power generated within the motor increased. In this study, as the effect of shifting phase on the torque values is examined, the motor parameter's characters (see Fig. 4 ) have been examined. (3) Where P is power (W), A d is torque rippling percentage (harmonic effect percentage) (Simpkins, et al., 2010) ; in equation (3), it is observed that when the power decreases or when the angular speed (rotational speed,  ) decreases, the time torque rippling increases, and thus harmonic percentage increases. The results of equation (3), equation (2) and the test performed by the torque rippling formula supports each other. In the phase shifted condition (hall sensor is shifted); it is being observed that the rotational speed increases for the same torque values. This shows us the increase of power. When the power increases, the value fluctuation of torque will decrease. This condition is clearly being observed at low voltage values. However, with the rotational voltage, along with the increase in harmonic percentage value, we observe that both the harmonic percentage values and rotational speed are more advantageous at the value of 100V compared to other values in the shifted phase condition. This result indicates that more efficient motor design at BLDCM will be made possible by the optimal determination of the locations of hall sensors. It should be considered that even if the speed measured at a specific interval seems as though it is increasing along with torque, if the increase in torque is considered, it will be observed that these values nearly remain constant and that the speed value will start to decrease when the torque values are increased beyond this determined interval (Bektas et al., 2010) . Fig. 5(a) In the values given in Fig. 7 , harmonic values had been found less in the phase shifted state. But as data for three voltage values could be obtained in this study, the studies performed with more values and more various loads will display more detailed information. Harmonic values increased for phase-shifted (hall sensor-shifted) in 66V. This condition arises from electronic elements (semi-conductive) being available on the driver circuit ( Alaeinovin et al., 2008; Wang et al.,2011) . But again, as the voltage value increases, both the rotational speed increases and the percentage of harmonic values decrease. In this value, while the rotational speed is increasing by 1.5%, the harmonic percentage value is increased by increased by 1.005%, and it is being observed that the rotational speed increases. This result indicates the requirement of more efficient motor design for BLDCM depends on the optimal locations of hall sensors in motor. 
RESULTS AND DISCUSSION
As a result of figs 3 to 7, it can be said that in BLDCM, optimal hall sensor position can be rearranged by the experiments in the manner of the most effective condition. This operation mode in BLDCM is equivalent to conventional DC motor-brushed shifting operation. In this way, optimal operating parameters of BLDCM can be provided.
Figure 8 THD data interpolation graph.
Experiments are carried out with tolerable and optimal limits considering harmonics values. The experiments were carried out with medium power motor (see Appendix); for the higher power motors the experiments should be carried out with their own parameters. Fig.8 tells us that THD of angle shifted position operation is lower than without shifted position until somewhere near 80 V, but after that volt changes inversely. Here, as it approaches the maximum applied voltage value (100V for this study) , the phase shifted and without shifted in harmonic aspect, in other words with respect to losses, was measured in detail as nearly equal but changed in rotational speeds and that the motor in the phase-shifted state reached a higher rotational speed. In cases when speed adjustment is required, it was shown that higher speeds could be obtained without changing any parameters of the motor.
1 Related Research Studies
The theory of brushless motors which operates from a dc source is well known. The effective utilization of this motor in industry application and research area, however, is still researched. (Leonard, 2005; Viromonte, 2010; Simpkins et al.,2010; Alaeinovin et al.,2008; Wang et al.,2011; Akin et al.,2013; Xie et al.,2010Tashakori et al., 2013 . This paper presents the basic theory and formidable design properties presented by the brushless motor and power electronics device which makes is functional. There are some studies focused on degree of the hall sensors whether should be 60 0 or 120 0 however results aren't enough satisfying (Leonard, 2005; Viromontes,2010) . Some works are interested in materials of hall sensors and some others consider the circuit driver, but they have complex algorithm and costly operation (Xie et al., 2010; Tashakori et al., 2013) . This study is unique to show the operational parameters similarities between the conventional dc motor and brushless dc motor.
CONCLUSION AND FURTHER STUDIES
In this study, the question of how the locations of hall sensor positions placed at 120 0 angle respect to BLDC motor can be changed in the most efficient manner have been searched. As the result of this study, it is observed that the change of hall sensor positions which is shifted by a 20 0 electrical angle affects the motor parameters. It was shown that optimal hall sensor location lead to equal conduction intervals among the phases and subsequently desirable frequency harmonics in torque. It is thought that this study will set light to more detailed studies performed by different driver circuits and different voltage values applied to the BLDC motor.
